While genome assembly projects have been successful in many haploid and inbred species, the assembly of noninbred or rearranged heterozygous genomes remains a major challenge. to address this challenge, we introduce the open-source FAlcon and FAlcon-unzip algorithms (https:// github.com/PacificBiosciences/FAlcon/) to assemble long-read sequencing data into highly accurate, contiguous, and correctly phased diploid genomes. We generate new reference sequences for heterozygous samples including an F1 hybrid of Arabidopsis thaliana, the widely cultivated Vitis vinifera cv. cabernet sauvignon, and the coral fungus Clavicorona pyxidata, samples that have challenged short-read assembly approaches. the FAlcon-based assemblies are substantially more contiguous and complete than alternate short-or long-read approaches. the phased diploid assembly enabled the study of haplotype structure and heterozygosities between homologous chromosomes, including the identification of widespread heterozygous structural variation within coding sequences.
projects shift toward more heterogeneous samples such as outbred, wild-type diploid, and polyploid nonmodel organisms, as well as to highly rearranged disease samples including samples from human cancers.
While the problem of assembling diploid and polymorphic genomes is not new 12, 13 , it lacks a universal and scalable solution.
Computational methods for diploid assembly tend to generate short contigs averaging from just a few hundred bases to several kilobases 12, 14, 15 . Approaches such as sequencing both parents and offspring (i.e., trios) 16 , haploid sex cells 17 , clonal fosmid 18 , and synthetic long reads 19, 20 are labor intensive and costly, and they often produce assemblies with limited contiguity. Long-range scaffolding technologies such as optical mapping and chromatin assays are often inapplicable to heterozygous short-read assemblies, as they demand well-assembled contig sequences (minimal contig N50 size of 50 kbp to 100 kbp) and can leave unresolved regions (N characters) inside the scaffolds.
Single-molecule real-time (SMRT) Sequencing is commonly used to finish bacterial genomes and provide high-contiguity assemblies for mammalian-scale genomes 21, 22 . The long reads (currently ~10 kbp, on average, with some approaching 100 kbp) can span many repetitive elements and help resolve complicated diploid genomes. Nonetheless, existing assemblers do not take advantage of the long reads to resolve haplotypes. In this paper, we present FALCON, a diploid-aware long-read assembler, and FALCONUnzip, an associated haplotype-resolving tool, to assemble haplotype contigs or 'haplotigs' that represent the diploid genome with correctly phased homologous chromosomes (Fig. 1) .
The FALCON assembler follows the design of the hierarchical genome assembly process (HGAP) 23 but uses more computationally optimized components (Supplementary Fig. 1a) . It begins by using reads to construct a string graph that contains sets of 'haplotype-fused' contigs as well as bubbles representing divergent regions between homologous sequences 24 (Fig. 1a) . Next, FALCON-Unzip identifies read haplotypes using phasing information from heterozygous positions that it identifies (Fig. 1b) . Phased reads are then used to assemble haplotigs and primary contigs (backbone contigs for both haplotypes) ( Fig. 1c and Supplementary Fig. 1b ) that form the final diploid assembly with phased single-nucleotide polymorphisms (SNPs) and structural variants (SVs).
To evaluate the accuracy of FALCON-Unzip, we applied it to a trio of Arabidopsis genomes (Col-0, Cvi-0, and the hybrid Col-0-Cvi-0) and analyzed the results with respect to each other and the TAIR10 reference genome 25 . We also assessed performance on the genomes of Vitis vinifera cv. Cabernet Sauvignon, a highly heterozygous outcrossed grape cultivar of agricultural importance, and on a highly heterozygous wild-type diploid fungus, Clavicorona pyxidata, which has resisted previous short-read assembly approaches. results sequencing and assembly of an Arabidopsis trio We individually sequenced and assembled the inbred Col-0 and Cvi-0 genomes using FALCON (Supplementary Table 1) . Contig N50 sizes were 7.4 Mb (Col-0) and 6.0 Mb (Cvi-0), about 10 to 100 times more contiguous than other recently published Arabidopsis assembly 26 (Table 1 ) and approaching the continuity of the highly curated TAIR10 assembly (10.9 Mbp), which was assembled using expensive BAC sequencing 25 . The largest FALCON contigs spanned entire chromosome arms (Fig. 2) , creating a high-quality draft reference for Cvi-0.
When comparing our Col-0 assembly to the TAIR10 assembly, the nucleotide sequence identity was greater than 99.98% (Supplementary Table 2 ). We applied BUSCO 27 to evaluate the assembly completeness by identifying a set of highly conserved plant orthologs in the assembly (Supplementary Table 3 ). BUSCO identified 914 (95.6%) and 906 (94.8%) genes in the Col-0 and Cvi-0 assemblies, respectively, compared with 915 (95.7%) in the TAIR10 reference. The variations between Col-0 and Cvi-0 assemblies are summarized in Table 2 .
To assess performance on heterozygous genomes, we generated and assembled short-and long-read sequencing data of the F1 progeny with four leading assembly algorithms ( Table 1) . Canu 28 was used to assemble long-read sequence data ( Table 1 and Supplementary Fig. 2 ) from the Col-0-Cvi-0 F1 hybrid sample. The total size of the assembly was 219 Mb, slightly smaller than the expected diploid size of 238 Mb. The high level of polymorphisms, including a SNP rate of ~1/200 bp and 1,051 SVs larger than 50 bp between the strains (Table 2), might cause fragmented assembly, as the algorithm is not currently optimized for diploid genomes. Consequently, the contiguity of the F1 assembly was substantially worse (~3-fold less) than the Canu assembly of either inbred parent alone ( Table 1) . Short-read assemblies with SOAPdenovo2 (ref. 29) and Platanus 15 , which were designed to assemble heterogeneous diploid genomes, were significantly less contiguous compared with Canu; SOAPdenovo2 assembled a total of 260 Mbp with an N50 = 990 bp even after k-mer optimization and error correction (Supplementary Fig. 3 ). Contigs assembled using Platanus were marginally improved, with an N50 = 26.9 kbp and a total assembly size of 143 Mbp, which was only slightly larger than the haploid genome size.
Most assemblers generate a single set of contigs, but FALCON generates 'primary contigs' (p-contigs) and 'alternative contigs' (a-contig) that comprise the genome regions typified by SVs from the p-contigs (see Online Methods). The a-contigs, representing local alternative sequences, spanned a total of 57 Mbp (~40% of the p-contigs) with an N50 = 146 kbp. Thus, FALCON alone produced 84% of the estimated 238-Mbp diploid genome. After the initial assembly, the FALCON-Unzip algorithm used the heterozygosity information within the initial primary contigs for haplotype phasing ( Fig. 1b and 
Supplementary Note).
With phasing information from the raw reads, FALCON-Unzip generated a subsequent set of p-contigs and the final haplotig set (h-contigs) that represented more contiguous haplotypespecific sequence information than the a-contigs (Fig. 1c) . After the 'unzipping' process, the total size of the p-contigs was 140 Mbp (N50 = 7.96 Mbp), and the total size of the haplotigs was 105 Mbp (N50 = 6.92 Mbp). FALCON-Unzip generated phased diploid genome assemblies with continuity comparable to that of the individual inbred parental genomes ( Table 1) .
Comparison of the F1 assembly of FALCON-Unzip, Platanus, and SOAPdenovo2 directly with the TAIR10 reference is detailed in the Supplementary Note ( Supplementary Fig. 4 and Supplementary Table 4) . Overall, the variants from the FALCON-Unzip assembly captured 89% of the Platanus variants and 90% of the SOAP variants at a stringent requirement of the exact same variant type, size, and genomic location. However, the Platanus and SOAP assemblies captured only 37% and 1% of the FALCON-Unzip variants, respectively.
col-0-cvi-0 F1 haplotig phasing quality
We aligned p-contigs and haplotigs to the parental inbred assemblies to evaluate the accuracy of haplotype separations. Ideally, each haplotig should be identical to one of the parental haplotypes and show variations against the other. We observed that most of the haplotigs only showed SNPs or SVs in one of the parental genomes, indicating that the phasing approach works accurately ( Fig. 2 and  Supplementary Fig. 5 ). We assessed accuracy by computing the ratio of differences (for example, SNPs) to either of the parental assemblies within each haplotig (Supplementary Table 5 ). For the largest six haplotigs spanning 50% of the genome, the minority SNP percentages were all lower than 0.2%. The small minority SNP ratio represents either a small number of (i) local phasing errors, (ii) incorrect SNP calls, and/or (iii) assembly base errors; but it demonstrates that there are no significant segmental switching errors. Only nine haplotigs (~2.5% of all haplotig bases) showed a minority SNP ratio over 10%, and they were generally associated with repetitive or low heterozygous regions. Table 6 and Supplementary Fig. 6 ). We evaluated the impact of such errors on coding sequence prediction with AUGUSTUS (Supplementary Note and Supplementary Table 7) . Interestingly, AUGUSTUS 30 aligned 97% of all coding sequences (CDS) of TAIR10 to our assembly without any indels, and the vast majority of BUSCO genes (877) were even found to be phased. Fig. 7 ). The total p-contig size was larger than the estimated genome size of V. vinifera (~500 Mbp 31 ). This suggests that in some cases FALCON-Unzip underestimated the alternative haplotype sequences because of high heterozygosity between homologous regions. An analysis of synteny between different p-contigs to determine the extent of inclusion of redundant regions identified a total of 25 Mbp of syntenic blocks in the primary assembly (Supplementary Data 2,3 and Supplementary Note). Compared with Arabidopsis, the V. vinifera genome has more repeats and higher heterozygosity, making it more challenging to assemble. Canu generated an assembly of 1,006 Mbp, which is roughly twice the haploid genome size with a significantly smaller N50 = 139 kbp. Even with optimized k-mer sizes (33-43 bp), SOAPdenovo2's scaffold N50 size was smaller than 2 kbp and the contig N50 < 1 kbp (Supplementary Fig. 3 ). The Platanus results were unacceptably incomplete, with less than 1% of the expected genome size reported, most likely because of the limited available coverage. Nevertheless, even with high coverage (1,577 million reads) and multiple libraries, published assemblies of different grape cultivars report contig N50 sizes of at most 41 kbp using Platanus 32 .
To assess completeness of the assemblies we used BUSCO and aligned the 29,971 mRNA sequences annotated from the current V. vinifera genome reference PN40024. Both approaches highlighted the completeness of the gene space in the FALCON-Unzip assembly (Supplementary Tables 3 and 8) . Overall, 80% of the 956 BUSCO genes and 16,981 of the 29,971 predicted complete genes from PN40024 were phased in the assembly. In contrast, less than 15% of the 956 BUSCO proteins were found within the most contiguous short-read assemblies, suggesting that these assemblies are not only highly fragmented, but also markedly incomplete (Supplementary Table 3) .
Clavicorona pyxidata sequencing and assembly
To demonstrate the generality of FALCON-Unzip to wild-type heterozygous genomes, we analyzed C. pyxidata, a common coral fungus that grows on hardwoods across North America (haploid size, ~42 Mbp). FALCON-Unzip produced the most contiguous assembly, followed by Canu (~2-fold less contiguous) and shortread assemblies (30-to >100-fold less contiguous) ( Table 1) . In lieu of a reference, we evaluated the assemblies using BUSCO and genomic sequencing data (SRA accession SRR1800147, 86 ×, 150-bp reads) (Supplementary Note and Supplementary Table 3) .
In contrast to the V. vinifera genome, the C. pyxidata genome has significantly skewed rates of heterozygosity, and about 50% of the genome is essentially homozygous. This suggests that naturally occurring inbreeding or other selective pressures limit variation in these regions. Different levels of heterozygosity between homologous chromosomes, seen in all three genomes, also affect the assembly sizes (Supplementary Note and Supplementary Figs. 8-10 ).
For evaluating phasing accuracy, we used the 150-bp paired-end short-read data and called phased SNPs relative to the primary contigs with FreeBayes 33 and HapCut 34 (Supplementary Table 9) . Because of the insert size limit of the short-read data set, the phasing data only covered about 23% (9.72 Mbp) of the genome, but nearly all phased blocks (96% to 98%, depending on variant call quality threshold) were fully concordant with the FALCON-Unzip assembly (Supplementary Table 9 ). Comparison of homologous alleles within the genome with publicly available RNA sequencing data (SRA accession SRR1589642) identified several candidate differentially expressed alleles (Supplementary Fig. 11 ).
discussion
We have demonstrated that FALCON and FALCON-Unzip can assemble PacBio SMRT Sequencing data from heterozygous diploid genomes into highly accurate, contiguous, and correctly phased primary contigs and haplotigs. Such haplotype-specific assemblies represent the true genome and both enable and strengthen studies of haplotype structures and heterozygous variants such as SVs and SNPs between homologous chromosomes.
In all three genomes that we studied, the FALCON-Unzip assembly was two-to threefold more contiguous than alternative long-read assemblers and 30-to >100-fold more contiguous than state-of-the-art short-read assemblers. In the Arabidopsis F1-hybrid assembly, the haplotigs almost perfectly matched one of their parental genomes with only ~2.5% incorrectly phased sequences. In future work, we aim to improve phasing accuracy further by analyzing the local assembly graph to predict hard-to-resolve regions and potential errors in the assembly. We showed that the low frequency of residual sequencing errors (<0.1%) had almost no effect on the identification of gene sequences. In the other two assemblies, we demonstrated greatly improved diploid representations of core genes from the FALCON-Unzip assembly (for example, >90% in the Arabidopsis F1 genome) and accurate phasing measured using orthogonal data (Supplementary Table 9 ).
Both the raw sequencing read lengths and error rates affect haplotype and consensus accuracies. Genome complexity, especially the rate of heterozygous positions and the repetitive sequences, is also a major factor impacting performance. Most haplotype-phasing algorithms utilize heterozygous SNPs and ignore SVs. In contrast, FALCON-Unzip is designed to combine SNPs and SVs to separate haplotype information beyond what either method alone provides to construct haplotype-specific contigs. With long read lengths from SMRT Sequencing and increased levels of heterozygosity, this allows us to almost fully resolve both haplotype chromosomes for practically the entire Arabidopsis F1 genome with high contiguity. The other two genomes highlight additional complexities that are possible for diploid genomes. In V. vinifera, we found homologous regions with very high variation rates likely due to the outcrossing nature of the organism; while in C. pyxidata we discovered extended regions of unexpectedly low heterozygosity, suggesting increased selective pressures or complex naturally occurring inbreeding. While future read-length increase will improve the separation of the haplotypes, we can already begin to utilize the assembly output to understand and represent heterozygosity variations within a wide range of diploid genomes (Supplementary Table 10 ).
The assembly results can, in principle, also be improved with other types of data, especially long-range scaffolding data, and extend to higher ploidy genomes in the future. The lack of haplotype resolution in mosaic genome assemblies makes it difficult to probe the impact of epigenetic and differential gene expression and can exacerbate 'reference bias' when remapping sequencing data 35 . With FALCON-Unzip, however, almost all the heterozygosity information is captured in the p-contigs and haplotigs, so the question of how haplotype-specific variations affect gene expression, methylation patterns, or other regulatory interactions can be examined further. More systematic study of phased diploid references will expose the detailed cis-regulatory mechanisms of differential expression in diploid genomes to improve our general understanding of the biology beyond haploid genomes. Looking forward, we expect many new opportunities for understanding diploid and polyploid genomic diversity and its impact on genome annotation, gene regulation, and evolution. methods Methods and any associated references are available in the online version of the paper.
